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Abstract
Little Higgs models offer an interesting approach to weakly coupled electroweak
symmetry breaking without fine tuning. The original little Higgs models were plagued
by strong constraints from electroweak precision data which required a fine tuning
to be reintroduced. An economical solution to this problem is to introduce a dis-
crete symmetry (analogous to R-parity of SUSY) called T-parity. T-parity not only
eliminates most constraints from electroweak precision data, but it also leads to a
promising dark matter candidate. In this paper we investigate the dark matter can-
didate in the littlest Higgs model with T-parity. We find bounds on the symmetry
breaking scale f as a function of the Higgs mass by calculating the relic density. We
begin the study of the LHC phenomenology of the littlest Higgs model with T-parity.
We find that the model offers an interesting collider signature that has a generic
missing energy signal which could “fake” SUSY at the LHC. We also investigate the
properties of the heavy partner of the top quark which is common to all littlest Higgs
models, and how its properties are modified with the introduction of T-parity. We
include an appendix with a list of Feynman rules specific to the littlest Higgs with
T-parity to facilitate further study.
1 Introduction
Within the next decade the mechanism responsible for electroweak symmetry breaking
(EWSB) will hopefully be revealed by the LHC. For theoretical physicists this is a time
at which many attempt to conjecture every possibility before experimental data ultimately
chooses the correct one (or at least narrows the list). The standard paradigm for weakly
coupled EWSB is the Higgs mechanism, however in the Standard Model (SM) there are
quadratically divergent diagrams which contribute to the Higgs mass. If new physics to cut
off the quadratic divergences to the Higgs mass does not occur at approximately the TeV
scale, the SM will be a finely tuned theory. As long as one takes naturalness as a guide for
model building this implies that there should be new physics at the TeV scale associated
with the physics of EWSB. For two decades the standard for new physics at the TEV scale,
which cancels the quadratic divergences of the SM Higgs, was supersymmetry. With the
turn on of the LHC drawing near there have recently been many attempts at coming up
with viable alternatives to supersymmetry. The alternative that will be focused on in this
paper will be the little Higgs mechanism [1].
The origin of the little Higgs idea dates back almost as far as supersymmetry to the
papers of Georgi et al. [2, 3] that attempted to realize the Higgs as a pseudo-Goldstone boson
(PGB). These original papers were unsuccessful due to the fact that they reintroduced a
fine tuning to keep the symmetry breaking scale that generates the Goldstone separate from
the electroweak scale. The new mechanism that makes the Higgs “little” in the current
reincarnation of the PGB idea is collective symmetry breaking [1]. Collective symmetry
breaking protects the Higgs by several symmetries under each of which the Higgs is an
exact Goldstone. Only if the symmetries are broken collectively, i.e. by more than one
coupling in the theory, can the Higgs pick up a contribution to its mass and hence all
one loop quadratic divergences (which involve one coupling alone) to the Higgs mass are
avoided.
The generic structure of little Higgs models [4, 5, 6, 7, 8, 9, 10, 11] is a global symmetry
broken at a scale f which is around a TeV. At the scale f there are new gauge bosons,
scalars, and fermions responsible for cancelling the one loop quadratic divergences to the
Higgs mass from SM particles (for a brief review of the gauge and global symmetries of
most little Higgs models see [12]). Even though there are no direct experimental signatures
that guide model building beyond the SM, there are many indirect constraints that a
model of new physics must satisfy. Whenever one tries to introduce new particles around
the TeV scale which couple to SM particles there is usually a tension with precision EW
measurements which typically favor the scale of new physics to be ∼ 5 -10 TeV. This
tension between having to introduce new physics at the TeV scale for naturalness, and EW
precision tests (EWPT) preferring the scale of new physics to be a factor of ∼ 10 higher
is the so called “little” hierarchy problem. The original little Higgs models unfortunately
did not relieve the tension caused by EWPT. The scale f had to be raised significantly
above a TeV, which reintroduced a fine tuning to the Higgs mass [13, 14, 15]. New little
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Higgs models [8, 10] were introduced with much larger symmetry structures that could
incorporate a custodial SU(2) symmetry which then ameliorated most of the problems
from EW constraints. In keeping with the idea of looking for alternatives to SUSY a more
economical solution to the “little” hierarchy problem was proposed in [16, 17].
In trying to find alternatives to the MSSM one should examine the model critically to
find what are the keys to its success. The MSSM is unarguably the most theoretically well
motivated extension of the SM, including a stable hierarchy between the weak and Planck
scales, as well as gauge coupling unification. However the key to the MSSM is R-parity, a
discrete symmetry introduced by hand, without which the MSSM would be ruled out by
experiment. The motivation for R-parity is normally to forbid operators that would lead
to rapid proton decay, but with the introduction of R-parity it also forbids dangerous four-
fermion operators and contributions to Z-pole observables. The R-parity also governs the
signatures of the MSSM in colliders since the conservation of R-parity requires all R-odd
particles to be pair produced. If the lightest parity odd particle in the MSSM is neutral,
the signal in detectors will be missing energy.
If the leading candidate for new physics at the TeV scale relies upon a discrete sym-
metry to be phenomenologically acceptable it is quite plausible that its alternatives could
incorporate a discrete symmetry as well [16, 17]. Introducing a discrete symmetry called
“T-parity” into little Higgs models was done first in [17], and applied to other little Higgs
models in [18, 19]. T-parity is a natural symmetry of most little Higgs models where SM
particles are even under the symmetry while most of the new particles at the TeV scale are
odd. Most of the constraints from EWPT on little Higgs models [13, 14, 15] come from tree
level mixing of heavy and light mass eigenstates which T-parity forbids. T-parity therefore
solves the little hierarchy problem for the models in which it can be implemented [18]. T-
parity also has a further benefit, if the lightest parity odd particle is neutral and T-parity
is conserved it will be a candidate for a dark matter WIMP (just as R-parity provides a
candidate WIMP under the same circumstances for supersymmetry).
In this paper we will study the phenomenology of the littlest Higgs model [4] with the
addition of T-parity [18, 19]. There have been many studies of the phenomenology of the
littlest Higgs model [20, 21, 22]; however with the introduction of T-parity most of these
studies do not apply since the T-odd particles can not be singly produced. We begin with
reviewing the littlest Higgs model with T-parity in Section 2. It turns out that there are
several different approaches to incorporating T-parity into the littlest Higgs model and we
discuss in Section 2.2 how most reduce to a similar low energy effective spectrum that we
study. In Section 3 we investigate the phenomenology of the dark matter candidate in the
littlest Higgs model which is a heavy neutral gauge boson. In Section 4 we explore the
discovery possibilities for the littlest Higgs with T-parity at the LHC. In Appendix A, we
discuss four fermion operators in the model that we chose to study. In Appendix B we list
Feynman rules for the littlest Higgs with T-parity to facilitate further study of the model.
2
2 Review of the “Littlest” Higgs Model with T-Parity
There are currently three known ways to implement T-parity in the littlest Higgs model [18,
19]. The first approach uses the technology of Callan, Coleman, Wess, and Zumino
(CCWZ) [18, 23], where the model is almost identical to the original littlest Higgs model
except for the fermion sector. The other approaches [19] to implementing T-parity in the
littlest Higgs rely on enlarging the global and gauge symmetry structure but are similar
to the CCWZ littlest Higgs model with T-parity in the low energy limit. For the sake
of studying a concrete model we will first discuss in detail the CCWZ approach that the
calculations in this paper are based upon. We will then discuss the other ways to imple-
ment T-parity and how the low energy phenomenology of all three implementations are
approximately the same.
2.1 Littlest Higgs with T-parity
The original littlest Higgs model was based on a non-linear σ model describing an
SU(5)/SO(5) symmetry breaking [4] and serves as the starting point for including T-
parity [18]. The symmetry breaking can be thought of as originating from a vacuum
expectation value(VEV) of a symmetric tensor of the SU(5) global symmetry. A conve-
nient basis for this breaking is characterized by the direction Σ0 for the VEV of the form
Σ0 =


1
1
1
1
1

 . (2.1)
The Lie algebra made up of the broken generators, Xa, and unbroken generators, T a,
has an automorphism where T a → T a and Xa → −Xa, which can be expressed as
τa → −Σ0(τa)TΣ0 for any generator τa. This Z2 automorphism of the symmetric space
SU(5)/SO(5) will be a useful guide in implementing T-parity. The Goldstone fluctuations
are described by the pion fields Π = πaXa. The non-linear sigma model field is then
Σ(x) = eiΠ/fΣ0e
iΠT /f = e2iΠ/fΣ0. (2.2)
where f is the value of the VEV that accomplishes the breaking. An [SU(2) × U(1)]2
subgroup of the SU(5) global symmetry is gauged, where the generators of the gauged
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symmetries are given by
Qa1 =

 σ
a/2 0 0
0 0 0
0 0 0

 , Y1 = diag(3, 3,−2,−2,−2)/10
Qa2 =

 0 0 00 0 0
0 0 −σa∗/2

 , Y2 = diag(2, 2, 2,−3,−3)/10 , (2.3)
where σa are the Pauli σ matrices. The Qa’s are 5× 5 matrices written in terms of 2× 2,
1, and 2× 2 blocks. The vacuum breaks the [SU(2)×U(1)]2 gauge symmetry down to the
diagonal subgroup, giving one set of [SU(2)×U(1)] gauge bosons masses of order f , while
the other set are left massless, and are identified as the SU(2)L×U(1)Y gauge fields of the
standard model. The Goldstone boson matrix Π is given by
Π =


0 H√
2
Φ
H†√
2
0 H
T√
2
Φ† H
∗√
2
0

 , (2.4)
where H is the little Higgs doublet (h+, h)T and Φ is a complex triplet under SU(2)L
which forms a symmetric tensor Φij with components φ
++, φ+, φ0 and a pseudoscalar φP
as defined in [21]. φ0 and φP are both real scalars. The Goldstone bosons which are eaten
to become the longitudinal modes of the partners of the standard model gauge fields are
set to zero in the pion matrix, as we have gone to unitary gauge.
The underlying idea for implementing T-parity is to assign all non-SM particles odd
parity, and all SM particles even parity, thus avoiding tree level constraints from EWPT.
It turns out that there will be one case in which this assignment is not possible when
we discuss the top quark sector of the model, however for the gauge and scalar sectors
all non-SM particles are T-odd. To implement T-parity in the gauge sector one notices
that the Σ0 VEV separates the gauged generators into a broken set {Qa1 − Qa2, Y1 − Y2}
and an unbroken set {Qa1 + Qa2, Y1 + Y2} of generators. Using the action of the Z2 inner
automorphism discussed earlier, T a → T a for unbroken generators, and Xa → −Xa for
broken generators, a natural action of T-parity on the gauge fields is defined as
A1 ↔ A2, (2.5)
where A1, A2 are the gauge fields corresponding to the [SU(2)×U(1)]1 and [SU(2)×U(1)]2
gauge groups, respectively. The action for T-parity in the scalar sector is defined as
Π→ −ΩΠΩ, (2.6)
where Ω = diag(1, 1,−1, 1, 1). Ω is introduced to give the Higgs positive parity while
keeping the triplet odd. From the transformation of Π we can also write the transformation
law for Σ under T-parity
Σ→ Σ0ΩΣ†ΩΣ0 ≡ Σ˜. (2.7)
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The kinetic term of the non-linear σ model field Σ in the littlest Higgs is
f 2
8
TrDµΣ(D
µΣ)†, (2.8)
where
DµΣ = ∂µΣ− i
∑
j
[
gjW
a
j (Q
a
jΣ+ ΣQ
aT
j ) + g
′
jBj(YjΣ+ ΣYj)
]
, (2.9)
with j = 1, 2. The kinetic terms for the sigma field and gauge bosons are invariant under
T-parity as written down originally in the littlest Higgs model with the additional proviso
that g1 = g2 =
√
2g and g′1 = g
′
2 =
√
2g′. Since T-parity exchanges the gauge fields (2.5),
the gauge couplings must be equal for the Lagrangian to be invariant. We identify g and
g′ with the SM SU(2) and U(1)Y gauge couplings respectively.
In the gauge sector before EWSB there is a linear combination of gauge bosons that
acquire a mass of order f from (2.8),
W aH =
1√
2
(W a1 −W a2 ), MW aH = gf,
BH =
1√
2
(B1 − B2), MBH = g
′√
5
f,
(2.10)
while the linear combinations
W aL =
1√
2
(W a1 +W
a
2 ), BL =
1√
2
(B1 +B2), (2.11)
remain massless and are identified with the SM gauge bosons. From the T-parity transfor-
mation (2.5) the heavy gauge bosons are odd under T-parity while the SM gauge bosons are
even. After EWSB the VEV of the Higgs, 〈H〉T = (0, v/√2), will shift the mass eigenstates
in the heavy gauge boson sector. The new mass eigenstates in the neutral heavy sector
will be a linear combination of the W 3H and the BH gauge bosons, producing an AH and a
ZH . The mixing angle introduced into the neutral heavy sector by EWSB will be of order
v2/f 2:
sin θH ≈ 5gg
′
4(5g2 − g′2)
v2
f 2
. (2.12)
The new heavy neutral mass eigenstates are given by
ZH = sin θHBH + cos θHW
3
H , M
2
ZH
= g2f 2 − g2v2
4
AH = cos θHBH − sin θHW 3H , M2AH = g
′2f2
5
− g′2v2
4
(2.13)
while a set of heavy charged gauge bosons can be written as
W±H =
1√
2
(W 1H ∓ iW 2H), M2W±
H
= g2f 2 − g2v2
4
. (2.14)
In the scalar sector from the T-parity transformation (2.6) one can see that the Higgs
doublet has positive parity under this transformation, and that the SU(2)L triplet Φ has
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odd parity. We will briefly recall that in a little Higgs model, EWSB is generated radiatively
through the Coleman-Weinberg potential. The difference from [4] in this sector with the
addition of T-parity is that the coupling HΦH is forbidden by T-parity. The absence of the
HΦH coupling forbids a dangerous non-zero triplet VEV[13, 15] after EWSB. The mass
of Φ can be related to the mass of the Higgs from the Coleman-Weinberg potential [21] to
give
m2Φ =
2m2Hf
2
v2
, (2.15)
where all components of the triplet are degenerate at the order we are examining.
It summary, the implementation of T-parity for the gauge sector has essentially de-
coupled the light and heavy sectors by setting g1 = g2 and g
′
1 = g
′
2. T-parity has also
forbidden the VEV of the triplet Φ. Most constraints from EWPT on the original littlest
Higgs [13, 14, 15] vanish in this limit.
To fully implement T-parity in a consistent way we must now turn our attention to
the fermion sector. We would like to introduce SM fermions that transform linearly under
the gauge symmetries to avoid large contributions to four fermion operators that would
require the scale f to be large [19]. Since T-parity exchanges SU(2)1 and SU(2)2 one must
introduce two doublets ψ1, and ψ2, which transform linearly under SU(2)1 and SU(2)2
respectively. These doublets are mapped into each other under the action of T-parity. To
obtain the SM at low energy we would like to give an f scale mass to the T-odd linear
combination of these doublets. In giving mass to only the T-odd linear combination, at
this stage one should introduce a “mirror” fermion with odd parity and write down a mass
term with the T-odd linear combination of ψ1 and ψ2 [19]. Since T-parity exchanges the
two SU(2)’s, to avoid introducing an additional copy of the mirror fermion, it must have a
non-linear symmetry transformation.
We will now explain in detail how to make a gauge invariant term that only gives
mass to the T-odd linear combination of ψ1 and ψ2. For those readers only interested in
the phenomenology it is not crucial to understand where in the end the expression (2.20)
comes from, but it is important to note that there will be additional interactions apart from
just mass terms in (2.20). A set of mirror fermions Ψ′ is introduced in a complete multiplet
of SO(5), whose transformation under SU(5) is non-linear. The mirror fermions must
be introduced in a complete multiplet in order to eliminate potential quartic divergences
in the Higgs mass [18]. In order to give this Ψ′ multiplet interactions with other fields
which obey linear transformation laws, we introduce a field ξ = eiΠ/f . This technology, for
those readers familiar with it, is reminiscent of introducing baryons in a nonlinear chiral
SU(3)L×SU(3)R model [24]. In terms of ξ, the field Σ can be expressed as Σ = ξ2Σ0. From
the linear transformation of Σ, we infer that the field ξ has the following transformation
under a global SU(5) rotation V :
Σ→ V ΣV T ⇒ ξ → UξΣ0V TΣ0 = V ξU † (2.16)
where U takes values in the Lie algebra of the unbroken SO(5) subgroup, and is a function
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of both V and the pion fields. It is this same U under which the Ψ′ multiplet transforms:
Ψ′ → UΨ′. (2.17)
The fermion doublets ψ1, ψ2 can be embedded into incomplete representations Ψ1,Ψ2 of
SU(5), and the field content can be expressed as follows:
Ψ1 =

 ψ10
0

 Ψ2 =

 00
ψ2

 Ψ′ =

 ψ˜
′
χ′
ψ′

 (2.18)
where χ′ is a singlet and ψ˜′ is a doublet under SU(2)2. The transformation laws for Ψ1
and Ψ2 are as follows:
Ψ1 → V ∗Ψ1 Ψ2 → VΨ2 (2.19)
The action of T-parity on the multiplets takes Ψ1 ↔ −Σ0Ψ2 and Ψ′ → −Ψ′. One can now
write down a Yukawa-type interaction to give masses to the mirror fermions,
κf(Ψ¯2ξΨ
′ + Ψ¯1Σ0Ωξ
†ΩΨ′), (2.20)
which is invariant under a global SU(5) rotation, and also under the action of T-parity.
From (2.20) one fermion doublet ψH =
1√
2
(ψ1 + ψ2) acquires a mass κf , while the other
combination ψSM =
1√
2
(ψ1 − ψ2) remains massless and is identified with the SM doublets.
To give masses to the remaining fields χ′ and ψ˜′ one must introduce additional fermions χ
and ψ˜ along with another singlet χ˜ which occupy a spinor representation of SO(5), S, and
then introduce Dirac mass terms for these fields.
After introducing the Yukawa coupling (2.20) which gives the mirror fermions mass we
need to introduce kinetic terms for the fermions in this model. Since Ψ1 and Ψ2 transform
linearly, their kinetic terms are straightforward to write down:
Lkin ⊃ Ψ¯1σ¯µD1µΨ1 + Ψ¯2σ¯µD2µΨ2, (2.21)
where
D1µ = ∂µ − i
√
2gQa1W
a
1 − i
√
2g′Y (Ψ1)1 B1µ − i
√
2g′Y (Ψ1)2 B2µ, (2.22)
D2µ = ∂µ + i
√
2g(Qa2)
TW a1 − i
√
2g′Y (Ψ2)1 B1µ − i
√
2g′Y (Ψ2)2 B2µ, (2.23)
and the U(1) charges Y
(Ψj)
i are given in Table 1 which will can be determined from gauge
invariance of the Yukawa couplings and T-parity. Re-expressing (2.21) in terms of the mass
eigenstates found from (2.20) one obtains
Lkin ⊃ ψ¯SM σ¯µDLµψSM + ψ¯H σ¯µDLµψH , (2.24)
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which contains the usual kinetic terms for the SM doublet fermions where DLµ is the usual
SM covariant derivative, as well as kinetic terms for the heavy fermions. In addition to the
standard kinetic terms in (2.24) there are interaction terms of the form
cψ¯SM σ¯
µVHµψH , (2.25)
where c is a gauge coupling and VH is a heavy gauge boson. These new interactions between
heavy and light fields come from expressing (2.21) in mass eigenstates. To write down an
invariant kinetic term for the Ψ′ field we must make use of the ξ field in the following way
Ψ¯′σ¯µ(∂µ + ξ
†Dµξ + ξD
T
µ ξ
†)Ψ′, (2.26)
where
Dµ = ∂µ − icVLQV − icVHQA,
DTµ = ∂µ − icVLQV + icVHQA. (2.27)
DTµ is the T-parity transformed covariant derivative. One can write down a similar kinetic
term for the spinor field S by expressing the covariant derivatives in Eq. (2.27) in the spinor
representation of SO(5). There are dangerous four fermion operators arising at the one
loop level which the T-odd partners of the standard model left handed doublets serve to
cut off, thus these fermions cannot be taken to be arbitrarily heavy. We discuss this in
more detail in Appendix A. For the purposes of studying a simpler, and model independent
phenomenology, we neglect these fermions in this paper, leaving their study for future work.
In order to avoid dangerous contributions to the Higgs mass from one loop quadratic
divergences, the third generation Yukawa sector must be modified so that it incorporates the
collective symmetry breaking pattern of [4]. In order to do this, the Ψ1 and Ψ2 multiplets
for the third generation must be completed to representations of the SU(3)1 and SU(3)2
subgroups of the full SU(5). These are
Q1 =

 q1t′1
0

 Q2 =

 0t′2
q2

 , (2.28)
where Q1 and Q2 obey the same transformation laws under T-parity and the SU(5) sym-
metry as do Ψ1 and Ψ2. It should be noted that the quark doublets are embedded such
that
qi = −iσ2
(
ti
bi
)
. (2.29)
One must also introduce additional singlets t′1R and t
′
2R which transform under T-parity as
t′1R ↔ −t′2R (2.30)
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so the top sector masses can be generated in the following T-parity invariant way
Lt = 1
2
√
2
λ1fǫijkǫxy
[
(Q¯1)i(Σ)jx(Σ)ky − (Q¯2Σ0)i(Σ˜)jx(Σ˜)ky
]
u3R
+λ2f(t¯
′
1t
′
1R + t¯
′
2t
′
2R) + h.c. (2.31)
We point out that this is a slightly different implementation of the top Yukawa coupling
than in [19]; T-parity and gauge invariance require the couplings of t′1 and t
′
2 to be equal
and leads to new phenomenology for the heavy top quarks. This Yukawa term generates a
mass for the top quark given by
mtop =
λ1λ2v√
λ21 + λ
2
2
, (2.32)
while the T-even combination of t′1 and t
′
2 has mass
mt′
+
=
√
λ21 + λ
2
2f, (2.33)
and the T-odd combination has mass
mt′− = λ2f, (2.34)
with t′± =
1√
2
(t′1 ∓ t′2). The T-odd combination of the q1 and q2 doublets obtains a mass
through a Yukawa identical to Equation (2.20). The other two generations of up-type
quarks acquire their mass through similar terms, though with the t′ quarks missing from
the Q1 and Q2 multiplets since the Yukawa couplings are small and one does not have to
worry about quadratic divergences. Requiring that the top-sector Yukawa term be gauge
invariant determines the U(1) charges of the fermions up to one degree of freedom, which
is then fixed by imposing T-parity. The resulting charges are given in Table 1.
q1 (2, 1/30;1, 2/15) q2 (1, 2/15;2, 1/30)
t′1 (1, 8/15;1, 2/15) t
′
2 (1, 2/15;1, 8/15)
t′1R (1, 8/15;1, 2/15) t
′
2R (1, 2/15;1, 8/15)
u3R (1, 1/3; 1, 1/3) dR (1,−1/6, 1,−1/6)
l1 (2,−1/5; 1,−3/10) l2 (1,−3/10, 1,−1/5)
eR (1,−1/2; 1,−1/2)
Table 1: The [SU(2)1 × U(1)1]× [SU(2)2 × U(1)2] quantum numbers of the fermion fields
that are required to make Eqns. (2.20),(2.31), and (2.35) gauge invariant.
We also need to construct a Yukawa interaction which gives the down-type quarks a
mass after electroweak symmetry breaking. The following term accomplishes this:
Ld = 1
4
λdfǫijǫxy
[
(Ψ¯′2)x(Σ)3i(Σ)jy − (Ψ¯′1Σ0)x(Σ˜)3i(Σ˜)jy
]
dR + h.c. (2.35)
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The doublets are embedded in Ψ′1 and Ψ
′
2 such that
Ψ′1 =

 −iσ2q10
0

 Ψ′2 =

 00
−iσ2q2

 , (2.36)
and they transform under SU(5) as Ψ′1 → VΨ′1, and Ψ′2 → V ∗Ψ′2. The lepton Yukawas can
be taken to be identical to Equation (2.35).
The final spectrum that we consider has some important features that we briefly sum-
marize. In Figure 1 we give an example spectrum for a typical choice of model parameters.
The lightest new particle introduced in this model is the AH . The array of scalars coming
from the SU(2)L triplet can be either lighter than, or more massive than the WH and ZH
gauge bosons, depending on the values of f and mH . For smaller mH and f smaller than
1 TeV, the scalar triplet is lighter than these gauge fields, but for larger f and mH the
triplet is in fact more massive. A useful parameter that we will use to discuss the new
fermions, t′+ and t
′
−, is
sλ ≡ λ2√
λ21 + λ
2
2
=
mt′−
mt′
+
. (2.37)
One thing to notice in particular is that the t′− fermion is always lighter than the t
′
+. This
will lead to novel phenomenology for the t′+ that was not present before the introduction
of T-parity.
2.2 Alternative implementations of T-parity
We will now turn our discussion to other implementations of T-parity [19] in the littlest
Higgs, to give credence to why we will study the phenomenology of only the model described
in Section 2.1 in detail. In the original 3-site moose model of T-parity described in [17],
three copies of SU(2) × U(1) were gauged, one at each site. In this model, T-parity
was realized as a symmetry exchanging two of the sites, while the third site was neutral
under the action of T-parity. This kind of set up enabled fermions to be introduced in
linear representations which naturally avoids the constraints imposed when SM fermions
have non-linear gauge transformations [19]. One can come up with an analogous set up
to the three-site moose model with a littlest Higgs structure [19] by enlarging the global
symmetry of the littlest Higgs and gauging a third copy of SU(2) × U(1). In [19] the
specific implementations of this idea were accomplished by enlarging the global structure
SU(5)/SO(5) to (SU(5) × Gr)/SO(5) where Gr was either SO(5) or SU(5). The same
generators as in (2.3) are gauged along with an additional SU(2)× U(1)
Qar =

 σ
a/2 0 0
0 0 0
0 0 −σa∗/2

 , Yr = diag(1, 1, 0,−1,−1)/2. (2.38)
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Figure 1: We plot a sample spectrum for the littlest Higgs with T-parity. The top quark
mass and two values of the Higgs mass are plotted as a reference. The spectrum of heavy
particles is plotted for f = 1 TeV. The Φ mass is plotted for two different values of the
Higgs mass, MH = 115, 130 GeV. A value of sλ =
1√
2
is used to determine the masses of t′+
and t′−.
One should immediately note that in this class of models with a third set of gauge groups
which is neutral under T-parity, there will be new T-even heavy gauge bosons. In addition,
there will also be T-even heavy scalars. Having T-even heavy gauge bosons and scalars is a
rather dangerous prospect given that EWPT normally require the scale f to be large, which
reintroduces a fine tuning [13, 15]. In this class of model with three sets of SU(2)× U(1)
gauge groups the problem of raising the scale f is avoided by taking the gauge couplings gr
of the third set to be gr ∼ 4π, which decouples the heavy T-even gauge bosons. The new
heavy T-even scalars can be decoupled by introducing strongly coupled plaquette operators
which raise the scalar masses to O(10TeV).
If one is willing to take the limits just described to avoid the constraints of EWPT,
the resulting theory will be identical in the gauge and scalar sectors (around the TeV scale
and below) to the littlest Higgs with T-parity discussed in Section 2.1. The only difference
between the implementation discussed in Section 2.1 and the (SU(5)×Gr)/SO(5) models
arises in the fermion sector. All of the implementations of the fermion sector have a mirror
fermion type implementation of the SM fermions (e.g. (2.20)). The type of Σ or ξ fields
available in the particular model [19] will dictate the number of fermions required to write
down a heavy Yukawa to lift the mass of one set of fermions as in (2.20). One thing that
must be pointed out is that in the top sector, all three types of littlest Higgs with T-parity
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have the same spectrum. Each model contains a T-odd and T-even partner of the top
quark at the TeV scale where all implementations share the same couplings (2.31). In
the heavy Yukawa sector as mentioned before, the number of fermions is different in the
three implementations but it is important to point out that the masses of the new fermions
are constrained. In the little Higgs models with T-parity, generically one requires some of
the mirror fermion doublets to have O(TeV) masses or lower to avoid constraints on four
fermion operators.
In analyzing the phenomenology of the littlest Higgs with T-parity we use the model
outlined in Section 2.1 for the following reason. Since the CCWZ implementation has an
identical scalar and gauge sector at around a TeV (because of the EW constraints on the two
other implementations), one does not have to rely on strong coupling and one captures much
of the interesting phenomenology that does not rely on the details of the fermion spectrum.
Since the top Yukawa sector of the model is identical in all three implementations we will
capture its phenomenology in any of the models. In this paper we will choose to ignore
all T-odd heavy fermions except for the t′−. Further analysis of the fermion sector would
be an interesting future project to see the implications of more T-odd fermions at the TeV
scale, both in collider studies, and in electroweak precision.
3 The AH as a dark matter candidate
If we require that T-parity be an exact, or nearly exact, symmetry, the lightest new particle
introduced is stable. While EWP does not require such a large suppression of the tree
level operators, it is interesting to pose the question of whether T-parity is part of a
more fundamental symmetry arising from the ultraviolet completion of the little Higgs
mechanism. If this particle is also neutral, it provides a promising candidate for WIMP
dark matter. This particle will be in equilibrium with the thermal bath at early times
in the history of the universe, being pair produced in collisions of lighter standard model
particles, and annihilating via the same channels. As the universe cools however, these
processes will fall out of equilibrium, and the number density of the lightest parity odd
particle (LPOP) will begin to decrease. This happens until the rate of expansion of the
universe overtakes the annihilation rate, at which point the abundance of the LPOP will
freeze out. From this point on the relic abundance of the LPOP will simply follow the
expansion rate. This process is described by a Boltzmann equation
dnχ
dt
+ 3Hnχ = −〈σAv〉
[
n2χ − (nχ)2eq
]
, (3.39)
where 〈σAv〉 is the thermally averaged annihilation coefficient for the WIMP χ. H is the
Hubble constant, nχ is the number density of the WIMP in the thermal bath, and (nχ)eq
is the equilibrium number density. The annihilation cross section is given by
σA = σ (2χ→ 2X) . (3.40)
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The parameters that describe the interactions and mass of the WIMP are all contained in
the annihilation cross section.
Unlike other types of little Higgs models that have scalar dark matter candidates [25],
in the model that we have described, the LPOP is the AH , the little Higgs partner of the
standard model hypercharge gauge boson, which we refer to as a heavy photon (see eq
(2.13)). As shown in Section 2, the mass of this field to zeroth order in the expansion
about the electroweak vacuum is directly related to the breaking scale of the SU(5) global
symmetry, f .
MAH =
g′f√
5
, (3.41)
where g′ is the standard model hypercharge gauge coupling. The partner of the photon
is the LPOP due to the small gauge coupling, g′, as well as the factor of
√
5 that comes
from the SU(5) normalization of the U(1) generators. The couplings of the AH to the
mass eigenstates are determined by the breaking scale f , and parameters in the Yukawa
sector. However, the rate of annihilation to top quarks is small, therefore the annihilation
coefficient is only weakly dependent on the new Yukawa couplings. The only remaining
degree of freedom which governs the annihilation cross section is the mass of the Higgs. We
calculate the annihilation cross section using COMPHEP [26], and based on the late time
solution to (3.39), evaluate the relic density of the AH dark matter. We use cosmological
constraints on relic abundance of dark matter to find constraints on f . Of particular interest
is the fact that relic abundance considerations put upper bounds on the breaking scale f ,
rather than just lower bounds. One could also use dark matter search constraints to find
additional bounds on f , however we leave such work for future study.
3.1 Relic abundance calculation
The annihilation rate at a given center of mass velocity can be expanded in the non-
relativistic limit as follows:
σAv = a + bv
2 + · · · . (3.42)
The coefficients a and b are determined by the couplings of the model being studied.
If a is non zero, the dark matter candidate is referred to as an ‘s-annihilator’, and a ‘p-
annihilator’ otherwise [27]. It is important here to distinguish the interactions of the little
Higgs dark matter from SUSY dark matter. In supersymmetric theories, the WIMP is
generally a p-annihilator, whereas in little Higgs theories, it will be an s-annihilator. This
generally produces larger annihilation cross sections, and thus lower relic abundances.
In some models that contain dark matter, there are other particles which have a
mass that is very close to that of the WIMP. In such cases, the relic abundance may
be additionally depleted by processes that convert the WIMP to this nearly degenerate
particle, which is then able then able to itself annihilate with other particles in the thermal
bath. This process is called coannihilation. In the model that we consider, the AH is always
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much lighter than all of the other T-odd particles, as can be seen in the following formula:
mAH
mφ
≈ g
′v√
10mH
≈ .24 mAH
mZH
≈ g
′
√
5g
≈ .24, (3.43)
where we have taken mH = 115 GeV. Therefore coannihilation is not relevant in this model
for the spectrum considered.
The techniques for solving the Boltzman equation for the population of the WIMP are
well studied. One can numerically solve this equation, or one can use an approximate ana-
lytic result. This is generated by solving the early and late time behavior of the differential
equation, and then matching in an intermediate region. We do not repeat this calculation,
but simply quote the result. The relic abundance is given approximately by
Ωdmh
2 =
1.07× 109GeV−1M
g
1/2
∗ mPl〈σAv〉TF
, (3.44)
where M is the mass of the WIMP, and TF is the freezeout temperature, the tempera-
ture at which the Hubble term begins to dominate over the annihilation term. The term
g∗ is related to the number of relativistic degrees of freedom that exist at the time of
freezeout. The freezeout temperature is dependent on the mass of the WIMP, though only
weakly, and is determined through the solution of (3.39). For most WIMP dark matter,
the freezeout temperature is roughly M/20. In this model, the number that we calculate
is TF ≈MAH/22.5 for most ranges of f and mH .
If the cross section is too small, the WIMP does not annihilate enough before freeze
out, and the relic density is larger than the experimental bounds allow. A somewhat less
disturbing issue arises when the cross section is too large, and the relic density is too small
to account for the total fraction of dark matter. In this situation, there must be another
dark matter candidate to account for the remaining fraction, such as axions, which does not
arise as part of the T-parity little Higgs mechanism. Current data coming from numerous
astrophysical observables, most notably the WMAP sky survey [28], place the dark matter
density (in units of the critical density) at
ΩDMh
2 = 0.111± 0.006. (3.45)
We calculate the annihilation cross section for the AH in this littlest Higgs model with
T-parity, and evaluate the resulting relic abundance as a function of the breaking scale
f , and mH . Annihilation to leptons and quarks occurs through either s-channel Higgs
exchange, or T-odd fermion doublet exchange diagrams, both of which are suppressed due
to smallness of the couplings. The exception to this is the annihilation to top quarks,
which has a T-channel t− singlet exchange diagram that is not suppressed. Additionally,
there are effective Higgs-gluon-gluon and Higgs-photon-photon vertices coming from loop
diagams, but the annihilation cross section to these final states is negligible. The dominant
contribution to the annihilation coefficient for most considered values of mH and f arises
fromW± production through Higgs exchange. The production of Z-bosons is also similarly
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Figure 2: The AH annhilates predominantly to SM gauge and Higgs bosons. These are the
diagrams which give the largest contributions to the annihilation coefficient 〈σAv〉 for the
ranges of f and mH that we examine.
sizable, although approximately a factor of 4 smaller. The annihilation to Higgs pairs is
also quite large when allowed by phase space, and dominates over annihilation to Z bosons,
though the W± channel still gives the largest contribution. The dominant diagrams from
the primary channels are shown in Figure 2.
There are regions of parameter space in which the AH is nearly equal to half the
mass of an s-channel exchanged particle. In this scenario, there are s-channel poles in the
annihilation cross section, and the diagrams which include such exchanges dominate the
cross section. In this case, the annihilation rate is given by
σAv ≈ γ
2s
(m2 − s)2 +m2Γ2 (3.46)
where Γ is the decay width of the exchanged particle, s is the center of mass energy squared,
and γ2 is a prefactor that is dependent on the couplings of the AH to the exchanged particle.
This is quite important in this model, due to the lightness of the AH in comparison with
the breaking scale, f . Many of the annihilation diagrams involve s-channel Higgs exchange,
so when the Higgs has twice the mass of the heavy photon, the cross section will become
quite large.
The resulting relic density is plotted in Figure 3.∗ It is conceivable that there is another
relic in addition to the little Higgs dark matter, so we do not consider as ruled out regions
where the AH does not account for all of the dark matter. In the black regions, there is too
much dark matter left over. This is generically a worse scenario, since it would overclose
the universe, and we consider these regions to be ruled out if the heavy photon is stable.
Interestingly, we find that small values of the Higgs mass are disfavored if the AH is indeed
the WIMP. Looking at Figure 3, one sees the importance of the s-channel Higgs exchange
along the line mh = 2mAH . Along this contour, the pole in the annihilation amplitude
dominates the behavior of the annihilation cross section.
There are regions of parameter space where standard model particles are slightly heav-
ier than the AH , but there are still AH particles on the high velocity end of the Boltzmann
∗We are grateful to Maxim Perelstein and Andreas Birkedal for pointing out a factor of 4 error in our
original calculation of the relic density.
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Figure 3: This plot depicts the variation of the relic density with respect to the Higgs mass
and the symmetry breaking scale, f . In order from lightest to darkest regions, the AH
makes up (0− 10%, 10− 50%, 50− 70%, 70− 100%, 100%, > 100%) of the observed relic
abundance of dark matter.
distribution, and which are thus energetic enough to be able to pair produce these slightly
heavier particles, thus slightly increasing the thermally averaged cross section just below
thresholds. In general, taking these corrections into account will smooth out the thermally
averaged cross section as the mass of the AH approaches such annihilation thresholds. It
does strongly affect the overall fit, thus we neglect the threshold corrections in this paper.
The steep gradient of the relic density at MAH ≈ 80 GeV is due to the threshold for
annihilating to standard model W bosons. Below 80 GeV, the only available channels are
to light fermions. These channels have very small associated amplitudes, as they require
either the s-channel Higgs exchange which is suppressed by Yukawa couplings, or T -channel
T-odd fermion doublet exchange. The T -channel fermion exchange diagrams are suppressed
since the relevant couplings AHΨSMΨ− are given by g′/10 ≈ .03.
In the model that we have outlined, the strongest search constraints would come from
nuclear recoil experiments and high energy solar and terrestrial neutrino searches. Other
astrophysical searches, such as anomalous cosmic ray searches, would not likely be fruitful.
This is because the dominant channels for such events require t-channel exchange of the
heavy fermions, which, as mentioned above, involve small couplings g′/10, suppressing
the relevant cross sections. In nuclear recoil experiments, however, because of the high
16
density of gluons in large nuclei, there is an enhancement of the nuclear scattering cross
section from the effective higgs-glue-glue vertex. High energy neutrino searches rely on
gravitational capture of the WIMP. From the same argument, the nuclear scattering cross
section is sizeable, and serves to slow down WIMPs which encounter the sun or earth. The
WIMPs are then captured gravitationally by the sun or earth. Subsequent annihilation of
the AH will potentially produce high energy neutrinos that reach detectors. We leave a full
analysis of the dark matter search constraints for future research.
4 LHC Collider Phenomenology
The introduction of T-parity to the littlest Higgs adds new interesting features and avoids
problems of other little Higgs models, but one must also check to see if there is any chance
of detecting its consequences in future collider experiments. With T-parity one loses the
ability to singly produce the new heavy vector bosons and scalars which is a major feature of
how the original littlest Higgs could be detected [20, 21]. This is not entirely disheartening
since the signal of the littlest Higgs will now become similar to that of the MSSM with a
missing energy signal, which has been analyzed in great detail. In fact with the addition
of T-parity type models it is even more difficult to determine what type of new physics is
discovered at the LHC, since there are now more ways to fake a SUSY signal than there
were before [29].
The littlest Higgs with T-parity has more varied collider signatures than just a missing
energy signal which could fake SUSY. Not all of the new particles in the littlest Higgs with
T-parity are T-odd. As in the original littlest Higgs model there is a T-even partner of the
top quark which can be singly produced. The key difference in the littlest Higgs with T-
parity compared to previous studies of the T-even partner of the top quark is the existence
of the T-odd partner of the top quark, t′−. The t
′
− in fact will always be lighter than the
t′+ (see (2.33) and (2.34)). This will open up new decay channels for the t
′
+ that did not
exist in previous studies. These new decay channels can contribute a sizeable branching
fraction to the t′+ and thus new studies of the T-even sector of this model as well as the
T-odd sector are required.
In this section we start the analysis of the collider phenomenology of the T-parity lit-
tlest Higgs. We choose sectors which capture the phenomenology of the scalar, gauge boson,
and heavy fermion sectors that are common to all implementations of the T-parity littlest
Higgs. We must emphasize here that a more general study including the additional T-odd
fermions besides the t′− should be undertaken, especially considering that the production
cross sections involve strong rather than weak couplings. In Section 4.1 we will investigate
the production mechanism for the T-odd particles in this model and the branching fractions
for their decays. In Section 4.2 we will revisit the production and decay channels of the
heavy T-even top that is now changed due to the presence of t′−. We will then discuss in
Section 4.3 the best search mechanisms as well as the associated backgrounds.
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4.1 T-odd phenomenology
We will begin our study with the cross sections for pair producing T-odd particles. Imple-
menting the model in COMPHEP [26] we compute production cross sections for the LHC.
In the heavy gauge boson sector of the model there are no free parameters other than the
scale f so the production cross sections at leading order are unambiguous. The cross section
for pair producing heavy gauge bosons is plotted in Figure 4. For proton-proton scattering
Figure 4: The cross section for the production of a pair of T-odd heavy vector bosons at
the LHC is plotted as a function of the symmetry breaking scale f . The number of events
for 300 fb−1 is plotted on the second y-axis. MW±
H
is plotted on the second x-axis. MZH is
degenerate in mass with MW±
H
, and MAH ∼ .16f .
at the LHC the dominant production channels are W±HZH or W
+
HW
−
H pairs, while other
channels such as W±HAH have lower total cross sections. For W
±
HZH and W
±
HAH pairs,
the production is from the exchange of a W±; however the W±HAH pairs interaction with
the SM W± is v/f suppressed. The W+HW
−
H pairs are produced through the exchange of
a photon or Z. The decay channels of the heavy gauge bosons are simple since it turns
out that they always decay directly to AH , the lightest T-odd particle. The ZH decays
exclusively to AH h and the W
±
H decays entirely to AH W
±.
The heavy triplet Φ is also T-odd and must be pair produced. The various components
of the triplet φ++, φ+, φ0, φP and their antiparticles all have the same mass at tree level.
The mass of the Φ is related to the mass of the Higgs through the relation (2.15). In
principle one should analyze all the different production channels for the components of
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Figure 5: The cross section for the production of a pair of T-odd triplets at the LHC is
plotted as a function of the symmetry breaking scale f . The cross section is plotted for
mH = 100, 200 GeV since the triplet mass, MΦ, is determined by f and mH . The number
of events for 300 fb−1 is plotted on the second y-axis. MΦ for a Higgs mass of 100 GeV is
plotted on the second x-axis, for a Higgs mass of 200 GeV simply scale the second x-axis
by a factor of 2.
Φ individually however to get an overall idea of the magnitude for pair producing Φ’s we
sum the contribution for all channels and plot the cross section for the LHC in Figure 5.
In Figure 5 since the mass of the Φ is determined by mH and f we plot the production
cross section as a function of f for two different values of mH . The dominant channels for
production of the triplet, in the naive scenario where all components of the triplet have
the same mass, are for the charged components of Φ from W± exchange. The decay of
the components of the triplet are as simple as for the heavy gauge bosons since they each
have only one decay channel. The charged components of the triplet decay in the following
ways, φ++ → W+W+H and φ+ → AW+H , with corresponding decay channels for the anti-
particles. The pseudoscalar φP and scalar φ0 decay through the processes φP → HAH and
φ0 → ZAH .
The production process for the t′− turns out to be very similar to pair producing t
′
+
as in [21]. The reason why the production is the same as the t′+ in this particular channel
is that the production cross section is dominated by gluon exchange and is independent of
all parameters except for mt′− . One should keep in mind that even though cross sections
of t′− and t
′
+ have the same mass dependence, t
′
− and t
′
+ have in general different masses
so they are produced at different rates. In Figure 6 we plot the cross section for producing
the t′− at the LHC as a function of its mass. The decay pattern of the t
′
− is simple, the
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Figure 6: The cross section for the production of a pair of T-odd heavy quarks t′− at the
LHC is plotted as a function of mt′− . The number of events for 300 fb
−1 is plotted on the
second y-axis.
t′− decays entirely to AH t. The phenomenology of the t
′
− merits further study since it will
always be lighter than the t′+ as well as having a large cross section for production. There
may be other interesting channels for decay if one examines a different spectrum for the
model. Since the cross section for producing the t′− is so large it may be one of the more
interesting ways to search for T-parity, however the backgrounds must be considered which
will be done in Section 4.3.
4.2 T-even Top Quark
The main difference between R-parity SUSY models, the UED models with KK-parity that
could fake a R-parity SUSY signal [29], and T-parity, is the existence of the t′+. The t
′
+ is a
generic feature of any little Higgs model and also any known model of T-parity. Comparing
the interactions of t′+ in the T-parity littlest Higgs to the original littlest Higgs model [4],
one finds that the same interactions dominate the production cross section. The largest
cross section for producing the t′+ at the LHC is for singly producing a t
′
+ and a jet, from
T-channel W exchange. For low t′+ mass a comparable cross section is for pair producing
t′+ however it drops rapidly with increasing mass. For a plot of the production cross section
for the t′+ we refer the reader to [21, 22] since the results are the same for this model.
Even though the production cross sections for the t′+ are the same in T-parity models as
for non T-parity models at the LHC, there is an important difference in the phenomenology
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Figure 7: We plot the branching fractions for t′+ decay as a function of sλ, which parame-
terizes the ratio of masses of the t′+ and t
′
−. This plot was generated for f = 1 TeV
of the t′+. The existence of the t
′
− which is always required to be less massive then the
t′+ from (2.34) and (2.33) opens a new decay channel for the t
′
+. In Figure 7 we plot the
branching fractions of the t′+ as a function of sλ =
mt′
−
mt′
+
. The branching fraction is essentially
independent of f . As one can see from Figure 7, for most of parameter space the t′+ has a
sizeable invisible width from decay to t′−AH . In reality though to solve the little hierarchy
problem one is only interested in the region around sλ =
1√
2
where mt′
+
=
√
2f . For either
direction in sλ, mt′
+
increases which causes a fine tuning of the Higgs mass if mt′
+
is larger
than ∼ 2 TeV. The existence of this new sizeable invisible width of the t′+ does not let
one apply the analysis of [22] for the t′+ in T-parity models. In [22] it was hoped that one
could test the little Higgs mechanism for the t′+ by measuring the couplings of the t
′
+ and
f independently, since they must satisfy a particular relationship to cancel the one-loop
quadratically divergent contributions to the Higgs mass from the top quark. In T-parity
type models one first has a difficulty with measuring f because one cannot obtain f from
the gauge boson sector as in [20]. In addition, the new sizeable partial width of the t′+,
which is hard to determine, makes measuring the couplings of the heavy partner of the top
quark at the LHC virtually impossible.
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4.3 Backgrounds and Best Signals
In the previous parts of this section we have studied the tree-level production cross sections
for the LHC and found a large number of events for certain processes. However when dealing
with a hadron collider the background tends to be ubiquitous so the question remains, for
the interesting processes can one distinguish signal from background? To begin analyzing
this question we compute the tree level production cross sections for irreducible backgrounds
at the level of SM gauge and Higgs bosons. This analysis is not at the level of a physical
background in a detector, however a signal must pass this simple test before taking into
account the full background. For those processes where we find the signal is much higher
than the simple backgrounds we analyze, we comment on the full backgrounds. A full
analysis of the backgrounds is required but we leave this for future work.
We will start by looking at the backgrounds for the pair production of heavy gauge
bosons. From Section 4.1 the strongest production mechanisms for the heavy gauge bosons
are in the channels W±HZH and W
+
HW
−
H . Since the heavy gauge bosons have only one decay
channel each, the final state (after the heavy particles have decayed) will be
p p → W±H ZH →W± hAH AH
p p → W+H W−H →W+W−AH AH . (4.1)
The signature in the detector will then be missing energy from the AH along with the decay
products of the SM particles. For the simple irreducible background we are interested in,
we look for SM processes which have the same SM particles (at the level of gauge and Higgs
bosons) as (4.1) along with missing energy in the final state. The dominant process of this
type in the SM are to include a Z in the final state in place of the AH ’s, which then decays
to neutrinos. Thus our estimate will be to compute the production cross section at the
LHC for the final states of (4.1) replacing the AH ’s with a single Z and then multiplying
by the branching fraction for the invisible decay of the Z.
For W+HW
−
H production one has to compete with a background of triple gauge boson
production W+W−Z which has a production cross section, taking into account the Z
branching fraction, of ∼ 10−2 pb. Comparing this background rate to the signal found
in Fig. 4, we find that the signal is larger than the background for small values of f . To
determine whether the signal is actually observable, since the signal passes this test for a
certain range of f one must also consider the other processes which have the same final
state in the detector (not just at the level of gauge and Higgs bosons). In the detector the
possibilities for this channel are
p p→W+H W−H → 4 jets + MET, (4.2)
→ 2 jets + l + MET, (4.3)
→ 2 l + MET. (4.4)
Ignoring the 4 jets + MET channel for its inherent difficulties, unfortunately this type of
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signal ((4.3) and (4.4)) in a detector has a background from
p p→ W+W− (4.5)
which has a production cross section of O(pb) at the LHC. This background is significantly
larger than the signal and makes discovery in the W+HW
−
H channel very difficult. Since
the MET from the signal will be very energetic with the application of cuts perhaps some
signal can be distinguished from background but it would be very difficult.
For the W±HZH production channel our simple irreducible background estimate comes
from W± hZ production. The total production cross section for this background, taking
into account the branching fraction of Z → invisible, is ∼ 10−3 pb. When comparing this
background rate to the signal using Fig. 4 we find that for all values of f the signal is
larger than the background and for f ∼ 1 TeV the signal is almost two orders of magnitude
larger. This is relatively easy to understand since producing a Higgs with two gauge
bosons is difficult in the SM. However, we must estimate a more realistic background for
this process as we did for the W+HW
−
H channel, before deciding whether this is a promising
channel. For low Higgs mass the Higgs will decay predominantly into b jets, so to avoid
looking for a 4 jet plus MET signal, we consider the W decaying into a lepton plus MET.
Therefore the backgrounds can come from
p p → hW± → 2 b jets + l + MET, (4.6)
→ Z W± → 2 b jets + l + MET, (4.7)
(4.8)
which will have a rate comparable to the signal we are interested in, making discovery in
this channel also unlikely. However further study of this channel would be interesting, since
it has the highest rate of production of the heavy gauge bosons.
The production of the triplet Φ is even less promising than the heavy gauge bosons since
the production cross section is lower, Fig. 5, and the backgrounds are more complicated.
In general the signal for pair producing components of Φ will be the SM decay products of
multiple gauge bosons along with missing energy. The most promising component of the
triplet is the pseudoscalar φP which decays to AH h, since the Higgs is a more unique signal
than SM gauge bosons. The two ways to produce a φP come from
p p → φ± φP →W±AhAH AH
p p → φ0 φP → hZ AH AH . (4.9)
The cross section for the production channel φ0 φP is of the order 10−4 pb, for a Higgs mass
of 115 GeV and f = 1 TeV, while the simple irreducible background, which was estimated
as before by replacing the AH with a Z decaying invisibly, is of the same order. Since
the signal for φ0 φP is not larger than even the naive background we don’t consider the
full background for this channel. A slightly more promising channel is the φ± φP which
also has a cross section for production of the order 10−4 pb for a Higgs mass of 115 GeV
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and f = 1 TeV. The simple irreducible background in this case would be a final state
W±AhZ with the Z decaying invisibly. This background at tree level is of the order 10−6
pb which seems promising. However with so few events from the signal, any enhancement
of the background beyond this naive estimation could prove troublesome. The signal in the
detector for this process, assuming the Higgs decays to b jets and the W to leptons, is
p p→ 2 b jets + l + A+ MET. (4.10)
The physical background for this signal could come from W,A, h production. The produc-
tion rate for this background is comparable to the signal so it does not appear promising.
However, the photon would be very energetic coming from the decay of φ± so perhaps a
cut could be made to reduce the background.
The detection of the t′+ in the littlest Higgs model without T-parity has been exten-
sively investigated for the LHC in a study for the ATLAS detector [30]. The only difference
for the t′+ when including T-parity is the sizeable new contribution to its width from the t
′
−
as discussed in Section 4.2. The t′− is one of the most interesting new parts of the T-parity
littlest Higgs since it doesn’t exist in non T-parity little Higgs models, and it is required to
be lighter than the t′+, which in turn is required to be approximately at a TeV to avoid fine
tuning. Even though the t′− is perhaps the most interesting new particle from the model
building perspective, it will be difficult to discern at the LHC. The t′− decay pattern gives
a background at the LHC of t t¯ + MET. The production rate for t t¯ + MET at the LHC
is large, making it difficult to find this signal above background.
5 Conclusions
In this paper we have given a review of the implementation of T-parity in the littlest Higgs
model and begun the study of its phenomenology. There are several implementations of
T-parity in the littlest Higgs as discussed in Section 2.2. We studied the phenomenology
of a particular implementation that has the same basic features of any implementation of
littlest Higgs with T-parity. In studying the dark matter candidate of the littlest Higgs
with T-parity (if T-parity is conserved), which is the heavy photon AH , we find that it can
account for the observed relic density of dark matter in the universe. Assuming that the AH
is stable, we find bounds on the symmetry breaking scale f as a function of mH , and that
lower values of mH are disfavored. We have begun the study of the collider phenomenology
of the littlest Higgs with T-parity. We find that the generic signal for this model will be
a missing energy signal similar to that of SUSY. The littlest Higgs model with T-parity
offers a distinct alternative to SUSY for stabilizing the electroweak scale, and could be
thought of as a “bosonic” supersymmetry since it could fake a SUSY signal at the LHC.
We find that since one must pair produce T-odd particles the signal will be very difficult
to distinguish from the background, which is very different than the littlest Higgs model
without T-parity [20, 21]. The T-parity littlest Higgs also has a heavy T-even top quark
partner t′+ which distinguishes itself from a supersymmetric model or one designed to fake
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a supersymmetric signal. The production mechanisms of the t′+ turn out to be identical
to the littlest Higgs without T-parity, however we find that in introducing T-parity one is
required to introduce a T-odd t′− with a mass required to be lighter than that of the t
′
+.
The t′− changes the phenomenology of the t
′
+, and thus existing studies of the t
′
+ are not
directly applicable for determining its properties.
There are many avenues for future research on the littlest Higgs with T-parity and we
list some of the most important in our opinion. We have found bounds on the scale f from
the analysis of the dark matter candidate (under the assumption that T-parity is conserved),
however, a full analysis of EW precision constraints including loop contributions needs to
be done to find complementary constraints. The discovery channels that we have discussed
need to be further investigated beyond our simple treatment of the background to see if
this model can really be distinguished or not from the ubiquitous background of the LHC.
One might also investigate the T-odd fermion spectrum, which is quite interesting from
the standpoint of phenomenology. We analyzed only the gauge, scalar, and top sectors,
however in principle all the new fermions could be within reach of the LHC making the
parameter space much larger and give other opportunities for discovery. A study of how
to distinguish the littlest Higgs with T-parity from the MSSM (or other models designed
to fake SUSY) at the LHC is also of paramount interest. The t′+ would be an obvious
distinguishing characteristic of T-parity however it could be out of the discovery reach of
the LHC. Although the existence of T-parity greatly complicates deciphering the data of
the LHC, it provides an interesting solution to the little hierarchy problem that deserves
further study.
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A Four Fermion Operators
The four fermion operators that ruled out the models of [18] are absent in this model, since
the standard model fermions transform linearly. However, there are still finite diagrams
which are potentially dangerous, and must be checked. In the model that we discuss, the
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types of diagrams are shown in Figure 8. By NDA, these diagrams give effective four-
fermion contact terms which are approximately given by:
g4κ2
16π2λ2x2f 2
,
g4
16π2
(
1
λf
)2
and
κ4
16π2
(
1
λf
)2
, (A.1)
respectively. The parameter x refers to the ratio of the pion mass to the breaking scale,
f . We have taken x to be larger than g. In order to avoid bounds on such contact terms,
these must be less than 1/(5− 10TeV)2.
Figure 8: These diagrams, where the particles running in the loop are all odd under T-
parity, lead to potentially dangerous four-fermion operators. In these diagrams, the scalar
propagators represent pion exchange, and the gauge boson propagators refer to exchange
of any of the AH , ZH , or W
±
H . The fermion lines in the loops represent exchange of the
heavy T-odd fermions.
One might expect that these can be easily suppressed by taking λ to be large, however
a more careful analysis is required. The interactions involving the coupling κ originate from
the heavy fermion Yukawas
κf(Ψ¯2ξΨ
′ + Ψ¯1Σ0Ωξ
†ΩΨ′). (A.2)
where the fermion multiplets are given by
Ψ1 =

 ψ10
0

 Ψ2 =

 00
ψ2

 Ψ′ =

 ψ˜
′
χ′
ψ′

 . (A.3)
It is from this term that the diagrams with Goldstone boson exchange in the loop emerge.
However, this term is also generating a mass term
√
2κ for the Dirac pair (ψ2 + ψ1, ψ
′).
This could potentially give a fixed relation between κ and λ that would force the parameter
κ to be relatively small, prohibiting a decoupling limit. For example, if the mass of the
heavy fermion is
√
2κ, then the contact operator would be
κ4
32π2
(
1
κf
)2
=
κ2
32π2f 2
. (A.4)
In this case, we would require κ < 0.5− 1.5 for f = 1 TeV.
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Most of the interactions in (A.2), however, do not lead to amplitudes where we have
such a relation, and many of the fermion masses can be made quite heavy. In particular, it
is only the right handed doublet, ψ′ which must be kept close to the breaking scale f . The
four-fermion operator that involves ψ′ exchanges the Goldstones which are eaten by the
heavy vector fields WH and ZH , and these operators can not be suppressed since it is ψ
′
which gets its mass from the Yukawa interaction in Eq. (A.2).∗ All of the vertices appearing
in Figure 8 that involve the triplet, Φ couple the standard model fermion to the doublet ψ˜′,
rather than ψ′. The parameters λ that appear in the four fermion diagrams above are then
independent of κ. Simply taking λ > κ2 suppresses the dangerous amplitudes. We note,
though, that we do not take λ to the strong coupling limit. First, this would be dangerous
for potential quartic divergences in the Higgs mass [18]. Second, we are attempting to avoid
taking any parameters in the theory into a non-perturbative regime.
We have shown here that we can in fact raise the masses of the many of the additional
fermions above the minimal little Higgs spectrum. In example, for an f of 1 TeV, the
masses of most T-odd fermions are all at 5 TeV, safe enough to neglect in collider and
dark matter phenomenology, yet light enough to avoid theoretical issues involving large
contributions to the Higgs mass through two loop quartically divergent diagrams. The
couplings required to raise the masses sufficiently are still within the perturbative regime,
so we have not resorted to a strong coupling limit. With the resulting TeV scale spectrum,
we compute the phenomenology of a littlest Higgs with T-parity which is similar to the low
energy limit of the other models which incorporate this discrete symmetry. We leave an
analysis of the lighter T-odd partners of the standard model doublets for future research.
B Feynman Rules for the Littlest Higgs with T-parity
In this appendix we will provide a list of Feynman rules specific to the T-parity littlest
Higgs as a reference to facilitate further study of the model. As discussed in Section 2
implementing T-parity in the littlest Higgs for the gauge and scalar sectors does not require
a drastic change to the structure of the original littlest Higgs. The effect in the gauge sector
is to set the gauge couplings, gj, in the original littlest Higgs to be g1 = g2 =
√
2g, and
likewise for the g′ couplings. In the scalar sector the effect is essentially to forbid a VEV
for the triplet Φ by forbidding the T-odd coupling HΦH . With this in mind a great many
of the Feynman rules can be obtained from [21] which listed all the Feynman rules for the
littlest Higgs. We will give a guide to how to obtain the T-parity Feynman rules from
the Feynman rules in [21]. We then will list the additional Feynman rules specific to the
T-parity littlest Higgs.
If one uses Tables I-VIII in [21] for the Feynman rules in the scalar and gauge sectors,
it is necessary to apply the following rules for the parameters in [21] to obtain the correct
∗We thank Thomas Gregoire for pointing out that this is the relevent four fermion diagram that prevents
decoupling the T-odd fermion spectrum completely.
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Particles Vertices Particles Vertices
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+νφP g
2
3
√
2
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0 −i g2
2
√
2cw
v2
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νφ0 i g
′2
2
√
2sw
v2
f
gµν W
+µ
H Z
νφ− i g
2
12cw
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√
2g2
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v
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v
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νφ0h i g
′2√
2sw
v
f
gµν W
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H Z
νφ−h i g
2
6cw
(1 + 2s2w)
v
f
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νφ−h −ieg
3
v
f
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−h −igg′
2
v
f
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2
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v
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2
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2
24
v2
f2
gµν A
µ
HA
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ν
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v2
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µ
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ν
Hφ
PφP −igg′
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v2
f2
gµν W
+µ
H A
ν
Hφ
Pφ− − xhg2
15
√
2c2w
(10− 9s2w) v
2
f2
gµν
W+µH hφ
− ig
6
v
f
(p1 − 2p2)µ AµHhφP g
′
3
√
2
v
f
(p1 − 2p2)µ
ZµHhφ
P − g
3
√
2
v
f
(p1 − 2p2)µ
Table 2: Feynman rules for the gauge and scalar sector of the T-parity littlest Higgs that
can not be determined from the appendix of [21]. The momenta are all defined as outgoing
and for the gauge-scalar-scalar vertices, the momenta refer to the first and second scalar
respectively.
vertices for the T-parity littlest Higgs model:
c = s = c′ = s′ =
1√
2
, (B.5)
s0 = sP = s+ = 0, (B.6)
c0 = cP = c+ = 1. (B.7)
However when using (B.5) with the tables referred to in [21] certain T-even interactions
will naively be set to 0 since T-parity will cause certain interactions to start at a higher
order in a v/f expansion than taken into account. These interactions that can not be found
in [21] need to be included for studying certain phenomenological processes. As an example
certain components of the Φ would be unnaturally long lived since most decay channels
are missing if one does not include the higher order interactions. In Table 2 we list the
Feynman rules for T-parity even interactions that are zero in the order considered by [21].
The parameters sW and cW refer to the sine and cosine of the weak mixing angle θW, while
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xh =
5
4
gg′
5g2 − g′2 . (B.8)
The fermion sector of the littlest Higgs with T-parity is radically different than the
original littlest Higgs model, therefore the Feynman rules of [21] do not apply. The SM
fermions of the first two generation of quarks and all three generations of leptons have
their usual SM couplings. However, in the third generation the new Yukawa interactions
required to cancel the quadratic divergences of the top quark will shift some SM couplings
at O(v2/f 2). The t′+ and t′− couplings are also new in the T-parity littlest Higgs so we will
include all these Feynman rules in Table 3 and Table 4.
Particles Vertices Particles Vertices
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Table 3: Feynman rules for the third generation quarks-scalars which are shifted from
the SM vertices, and interactions of the t′+ and t
′
− quarks with scalars. PL =
1−γ5
2
and
PR =
1+γ5
2
are the usual LH and RH projectors.
The phenomenology of the littlest Higgs with T-parity could be markedly changed by
the inclusion of the additional fermions around the TeV scale. There exist interactions of
heavy fermions with SM particles that come from re-expressing the kinetic terms in mass
eigenstates, and are generally of the form
cψ¯SM σ¯µV
µ
HψH , (B.9)
as shown in Section 2. These interactions potentially can be flavor changing depending
on the implementation of the heavy mirror fermion Yukawa term (2.20). There are also
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Particles Vertices Particles Vertices
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′
+t
′
−
2ig′
5
γµ (PL + sλPR) A
µ
H t¯
′
−t
2ig′
5
cλγµ
(
cλ
v
f
PL + PR
)
ZµH t¯
′
−t
2
5
ixhg
′cλ v
2
f2
γµPR Z
µ
H t¯
′
−t
′
+
2
5
ixhg
′ v2
f2
γµ (PL + sλPR)
Aµt¯′+t
′
+
2
3
ieγµ A
µt¯′−t
′
−
2
3
ieγµ
Zµt¯t ig
cw
γµ
(
(1
2
− 2/3s2w − 12 v
2
f2
c4λ)PL − 23s2wPR
)
Zµt¯′+t
′
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f2
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PL W
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Table 4: Feynman rules for the third generation quarks which are shifted from the SM
vertices, and interactions of the t′+ and t
′
− quarks. PL =
1−γ5
2
and PR =
1+γ5
2
are the usual
LH and RH projectors.
interactions similar to (B.9) which involve heavy scalars instead of heavy vector bosons
which come from (2.20). Finally there are interactions of heavy fermions with SM gauge
bosons coming from (2.24) and (2.26). We do not include the Feynman rules for these
interactions, since they were not necessary for the sectors studied in this paper, and they are
dependent upon the implementation (in terms of flavor) of the mirror fermion mass terms.
For the reader interested in investigating the fermion sector of the model in more detail,
one must choose an implementation of flavor for the heavy mirror fermion Yukawa’s (2.20)
and work out the interactions.
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